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KERATIN BASED POLY(ACRYLONITRILE-co-ETHYLENE GLYCOL) 
SYNTHESIS AND CHARACTERISATION 
SUMMARY 
Disposal of chicken feather (CF) waste is a big problem in poultry farms. Currently 
CF is generally disposed by burial. However, CF is a valuable raw material since it 
contains 91% keratin in its structure. So far CF-keratin found only limited 
applications in cosmetic industry and in biodegradable nonwovens for sanitary and 
medical purposes. On the other hand, having unique advantages such as low density, 
good resilience and compression capability and morphological properties, keeping 
the body warm and, CF-keratin has a big potential to be used as a textile fiber. Since 
mechanical stability of keratin is relatively low it cannot be used in textiles 
applications alone. In literature there are a few studies which investigated the 
blending of keratin with different types polymers. 
In this study polyacrylonitrile (PAN) was chosen as one component of graft 
copolymer, to improve mechanical stability of keratin and provide it with resitance to 
various chemicals  and solvents, sunlight, heat and microorganisms. Polyethylene 
glycol (PEG) was selected to be grafted to the copolymer as well to provide elasticity 
to hard and brittle keratin-graft-PAN structure and to improve elastic properties of 
the resulting fiber. 
The main steps of this study are firstly extraction of soluble keratin from CF and then 
synthesis of keratin-graft-poly(acrylonitrile-co-ethylene glycol) by redox 
polymerization, characterization of the achieved structures with thermal, mechanical 
and morphological analyses and finally electrospinning to produce fibers.  
As the first step of the experimental part lipid compounds in CF were separated by 
reflux with the help of an organic solvent. Then feathers are dried and ground into 
small pieces before getting dissolved in  aqueous solution of EDTA. Among all 
experiments the highest yield was achieved with 1.5 mol/L of NaOH, 15 mmol/g 
ratio of NaOH/CF, 4.1 mmol/L of EDTA at a temperature of 40°C, and a reaction 
period of 1.5 hours. Precipitaion of keratin was done by bringing the pH down to 4.2 
by means of acetic acid. Afterwards keratin was washed by acetone and separated by 
centrifugal force. By spectral analysis the achieved material was confirmed to be 
keratin. On the FTIR spectrum characteristic structures of amide A, amide B, 
amide I, amide II and amide III were clearly visible.  α-helices and β-sheets structure 
were observed, as well. 
1
HNMR results supported these findings by characteristic 
signals unique to keratin such as presence of –SH group at 1.86 ppm.  
In the next step keratin was copolymerized with AN and PEG in order to achieve 
textile fiber. PEG components were used 2 groups, namely, with PEG600 and 
PEG1500. Redox polymerization was chosen thanks to its short induction period, 
low activation energy and its need for milder conditions compared to thermal 
polymerization. As redox initiator pair, APS and SMBS were preferred. Among all 
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trials the highest efficiency for PEG600 was 82.1% and this was achieved  with 1.48 
mol/L of AN, AN/PEG mol/mol ratio of 8.3, 198 mmol/L of APS, and 78.5 mmol/L 
of SMBS. The highest yield with PEG1500 was 36.8% and the process conditions 
were 1.64 mol/L of AN, AN/PEG mol/mol ratio of 8.6, 110 mmol/L of APS, and 
86.2 mmol/L of SMBS.Keratin-graft-poly(acrylonitrile-co-ethylene glycol) 
copolymer was confirmed by FTIR and 
1
HNMR analyses. -C≡N peaks at about 2243 
cm
-1
 verified the PAN, C-O peaks at 1107-1110 cm
-1
 PEG structures. On 
1
HNMR 
spectrums –SH and –NH groups were not visible which shown that keratin entered 
the chemical reaction.  
In order to understand the thermal behaviours of the achieved copolymers DSC and 
TGA analyses were applied. According to DSC results there is an endhotermic peak 
at around 182°C which is in line with literature. First denaturation of keratin occured 
at 218°C  and second denaturation continues up to 471°C. Different endhotermic 
peaks come from different molecular-weight structures.  
Keratin-graft-poly(acrylonitrile-co-ethylene glycol 600) polymer’s shown double 
denaturation points at about 297-325°C and 342-345°C and keratin-graft-
poly(acrylonitrile-co-ethylene glycol 1500) polymer’s at about 292-297°C and 
338-342°C. Previous studies shown that KPAN gives double decomposition peaks, 
first a preliminary peak and then a major peak, at 254°C and 319°C. There is a 
difference of 20-40°C between these values and results of this study. According to 
TGA results, keratin’s single denaturation occurs in 278-381°C band and the 
denaturation level at 400°C was 50%. Keratin-graft-poly(acrylonitrile-co-ethylene 
glycol 600)’s first degradation was in 260-288°C band and the second was in 
352-384°C band. These figures for copolymer with PEG1500 were 238-268°C for 
the first and 347-383°C for the second degradation. The degradation level of graft 
copolymers at 400°C was about 46-49%. Thermal analysis results showed that 
increasing C-O-C amount decreased the decompostion- and the maximum-weight-
loss-temperature and acrylonitrile-modified keratin became more thermally stable 
than pure keratin. 
The film formation after drying did not ocur, cracks were observed on the film layer. 
Therefore DMA analysis was not conducted. This cracking shown that the strength 
of the polymers should be increased and further developments are needed to develop 
this property of this copolymer. 
For each copolymer type solutions were prepared for electrospinning process. In 
DMF/DMSO solvents in 20/80% ratio, and at 20% w/w concentration solutions are 
fed to electrospinning device. Process conditions were 1 ml/min of flow rate, 
needle-plate distance of 15 cm, and a potential of 15 kV. SEM photgraphs confirmed 
that textile fibers were achieved after electrospinning with both types of copolymers, 
with PEG600 and PEG1500. Fibers were seen to have a uniform appearance without 
major irregularities. Surfaces of fibers were smooth and shiny. Diameter ranges of  
keratin-graft-poly(acrylonitrile-co-ethylene glycol 600) and keratin-graft-
poly(acrylonitrile-co-ethylene glycol 1500) were 130-230 nm and 80-125 nm, 
respectively.  
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KERATIN ESASLI POLİ(AKRİLO NİTRİL-ko-ETİLEN GLİKOL)         
SENTEZİ VE KARAKTERİZASYONU 
ÖZET 
Tavuk çiftliklerinde atık olarak ortaya çıkan tavuk tüylerinin imha edilmesi önemli 
bir sorun oluşturmaktadır. Genel olarak yakılarak imha edilen tavuk tüyü yapısındaki 
% 91 oranındaki keratin nedeniyle aslında değerli bir hammaddedir. Şu ana kadar 
tavuk tüyünden elde edilen keratin yalnızca kozmetik endüstrisi ile temizlik ve tıbbi 
amaçlar için kullanılan biyo-bozunur dokusuz kumaşlarda kısıtlı kullanım alanı 
bulabilmiştir. Öte yandan, düşük yoğunluk, yüksek elastikiyet, sıkıştırılabilme, 
morfolojik ve vücudu sıcak tutabilme avantajları sayesinde tavuk tüyü keratini tekstil 
elyafı olarak kullanılmasını sağlayacak önemli avantajlara sahiptir. Buradaki temel 
sorun keratinin tekstil elyafı olarak kulanılmasına yetecek kadar mekanik 
mukavemete sahip olmamasıdır. Keratinin mekanik mukavemeti düşük olduğu için 
tek başına tekstil elyafı olarak kullanılamamaktadır. Literatürde keratinin farklı tipte 
polimerlerle karıştırılarak (blending) tekstil elyafı olarak kullanılma çalışmalarına 
rastlanmıştır. 
Bu çalışmada keratinin mekanik mukavemetini yükseltmek, çeşitli kimyasal ve 
çözücülere, güneş ışığı, ısı ve mikroorganizmalara direnç sağlamak için graft 
kopolimerin bir bileşeni olarak poliakrilo nitril (PAN) seçilmiştir. 
Keratin-graft-PAN’ın sert ve kırılgan yapısının farklı molekül ağırlığına sahip 
polietilen glikoller (PEG) kullanılarak esnek hale getirilmesi ve elde edilen elyafın 
elastik özelliklerinin iyileştirilmesi düşünülmüştür. 
Çalışmanın ana adımları öncelikle tavuk tüyünden çözülebilir keratinin elde 
edilmesi, daha sonra keratin-graft-poli(akrilo nitril-ko-etilen glikol) kopolimerinin 
redox polimerizasyonu ile sentezlenmesi, ve elde edilen yapıların termal, mekanik ve 
morfolojik analizlerle karakterizasyonu ile sonuç olarak elektrospinning ile tekstil 
elyafı üretilmesidir.   
Deneysel kısmın ilk adımı olarak tavuk tüyündeki lipid bileşenler reflux metodu 
kullanılarak ve organik çözücüler yardımıyla uzaklaştırıldı. Daha sonra tüyler 
kurutuldu, küçük parçalar haline gelecek şekilde öğütüldü ve EDTA sulu çözeltisi 
içinde çözüldü. Yapılan deneyler içinde en yüksek verimlilik 1.5 mol/L NaOH, 
15 mmol/g NaOH/tavuk tüyü oranı, 4.1 mmol/L derişimde EDTA ile 40°C işlem 
sıcaklığında ve 1.5 saatlik reaksiyon süresi şartlarında elde edildi. Keratinin 
çöktürülmesi pH değerinin asetik asit yardımıyla 4.2’ye getirilmesiyle yapıldı. Daha 
sonra keratin asetonla yıkandı ve aseton keratinden santrifüj kuvvet yardımıyla 
ayırıldı. 
Uygulanan spektral analizler elde edilen ürünün keratin olduğunu kanıtladı. FTIR 
spektrumunda amid A, amid B, amid I, amid II ve amide III gibi keratinin 
karakteristik yapıları net bir şekilde gözlendi. α-heliks and β-plaka yapılarının 
mevcut olduğu görüldü. 1HNMR sonuçları 1.86 ppm’de görülen –SH grubu gibi 
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keratine özel sinyalllerin varlığını gösteren 1HNMR sonuçları da yukarıda bahsedilen 
bulguları destekledi. 
Bir sonraki adımda tekstil elyafı elde etmek amacıyla keratin AN ve PEG ile 
kopolimerizasyon işlemine sokuldu. Çalışmalarda PEG600 ve PEG1500 olmak üzere 
2 tip PEG bileşeni kullanıldı. Kısa indüksiyon periyodu, düşük aktivasyon enerjisi ve 
termal polimerizasyona göre daha rahat çalışma şartları gerektirmesi gibi avantajları 
nedeniyle redox polimerizasyon metodu tercih edildi. Redox başlatıcı çifti olarak 
APS ve SMBS tercih edildi. Yapılan deneylerde PEG600’lü kopolimer için en 
yüksek verimlilik %82.1 idi ve bu verimlilik 1.48 mol/L AN, 8.3 AN/PEG mol/mol 
oranı, 198 mmol/L APS ve 78.5 mmol/L SMBS şartlarında elde edildi. PEG1500’lü 
kopolimer için ise en yüksek verimlilik %36.8 idi ve 1.64 mol/L AN, 8.6 AN/PEG 
mol/mol oranı, 110 mmol/L APS ve 86.2 mmol/L SMBS şartlarında elde edildi. Elde 
edilen yapının bir keratin-graft-poli(akrilo nitril-ko-etilen glikol) kopolimeri olduğu 
yapılan FTIR ve 1HNMR analizleri ile doğrulandı. 2243 cm-1’de gözlenen -C≡N 
grupları PAN’ın, 1107-1110 cm-1 aralığında gözlenen C-O grupları ise PEG’in 
kopolimer içindeki varlığını kanıtladı. 1HNMR spektrumunda –SH ve –NH 
gruplarının görülmemesi keratinin tamamiyla kimyasal reaksiyona girdiğine işaret 
etmiştir.  
Elde edilen kopolimerilerin termal davranışlarını anlayabilmek için DSC ve TGA 
analizleri uygulanmıştır.  DSC testi sonuçlarına göre 182°C civarında literatür 
bulgularına uygun olarak bir endotermik pik vardir. Keratinin ilk denatürasyonu 218 
°C’de ve ikinci denatürasyon 471°C’ye kadar devam etmektedir. Farklı endotermik 
piklerin farklı molekül ağırlıklarından ileri geldigi düşünülmüştür.  
Keratin-graft-poli(akrilonitril-ko-etilen glikol 600) polimeri 297-325°C ve 342-
345°C’lerde,  keratin-graft-poli(akrilonitril-co-etilen glikol 1500) polimeri ise 292-
297°C ve 338-342°C’lerde çift denatürasyon göstermişlerdir. Önceki çalışmalar 
KPAN’in ilk olarak 254°C’de  bir öncü pik daha sonra da 319°C’de asıl pik olmak 
üzere çift dekompozisyon piki verdiğini göstermiştir. Bu çalışmada elde edilen 
bulgularla önceki çalışmalarda elde edilen veriler arasında 20-40°C’lik bir fark 
ortaya çıkmıştır.TGA sonuçlarına göre keratinin denatürasyonu 278-381°C sıcaklık 
aralığında gerçekleşmiştir ve 400°C’deki degredasyon miktarı %50’dir. Keratin-
graft-poli(akrilonitril-ko-etilen glikol 600)’ün ilk degredasyonu 260-288°C 
aralığında, ikinci degredasyonu ise 352-384°C bandında görülmüştür. 400°C’deki 
degredasyon miktarı %54’tür. PEG1500’lü kopolimer için ise bu değerler 238-268°C 
aralığında ilk, 347-383°C aralığında ikinci degredasyon ile 400°C’de %46-49 
degredasyon miktarı olarak tespit edilmiştir. Termal analiz sonuçları C-O-C 
miktarının artmasının, dekompozisyon ve ağırlık kaybının en fazla görüldüğü 
sıcaklık derecelerini düşürdüğünü ve akrilonitrille modifiye edilmiş keratinin saf 
keratinden daha fazla termal stabiliteye sahip olduğunu ortaya çıkarmıştır. 
Kurutmadan sonra bir film tabakası oluşmamış, filmde çatlaklar gözlenmiştir. Bu 
nedenle DMA analizi yapılmamıştır. Çatlakların oluşumu polimer mukavemetinin 
arttırılması ve kopolimerin bu özelliğini geliştirici yönde çalışmalar yapılması 
gerektiğini göstermiştir. 
Elektrospinning işlemi uygulamak üzere herbir kopolimer tipi için çözeltiler 
hazırlanmıştır. 20/80 oranlarında karıştırılan DMF/DMSO çözeltilerinin içinde %20 
kütle oranında polimer çözülmüş ve bu şekilde elektrospinning cihazına beslenmiştir. 
Elektrospinning işlem şartları 1 ml/dak çözelti akış hızı, 15 cm iğne-plaka uzaklığı ve 
15kV potansiyel olarak hazırlanmıştır. Çekilen SEM fotoğrafları elektrospinning 
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işlemi sonunda elde edilen yapıların hem PEG600, hem de PEG1500’lü koplimer 
için tekstil elyafı özelliklerine sahip olduklarını kanıtlamıştır. Liflerin düzgün bir 
yapıda oldukları, kayda değer düzgünsüzlüklerin bulunmadığı, lif yüzeylerinin 
düzgün ve parlak olduğu gözlenmiştir. Keratin-graft-poli(akrilonitril-ko-etilen glikol 
600) ve keratin-graft-poli(akrilonitril-ko-etilen glikol 1500)’den elde edilen liflerin 
çaplarının sırasıyla 130-230 nm ve 80-125 nm olduğu saptanmıştır. 
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1 
1.  INTRODUCTION AND AIM 
Population of the world has recently exceeded 6 billion and it is expected to cross 7 
billion within a few decades. Coupled with economic progress and relatively higher 
proportion of young population especially in developing countries, total demand for 
consumable good is increasing rapidly. Depending on these, annual consumption of 
mankind increased more than 10-fold in a few centuries. Natural resources are not 
any more enough to catch up with the increasing demand. In this respect, recycling 
of used material and evaluation of natural waste has become even more important to 
make sure that next generations can assure their survival.  
Growing young population with better economic power, coupled with social effects 
such as fashion, increased textiles, fabric and fiber consumption considerably. In the 
past years natural fibers like cotton, wool etc. were enough to meet demand. 
However, because of the reasons explained above, natural fiber sourced started to fall 
short of meeting the total demand. Although mass production capability is a big 
advantage for synthetic / polymeric fibers, they cannot provide the comfort and 
feeling natural fibers give. Therefore it has become a must to search additional 
natural fiber resources to solve this ever-growing problem. CF has its unique 
technical properties and economical advantages to be used as a textiles fiber thanks 
to its keratin content. This feature imparts CF with properties close to wool on one 
hand, on the other hand with its softness and absorption capabilities CF fiber can be 
used as a substitute to cotton fiber in textiles. High elasticity as well as keeping the 
body warm makes CF an excellent potential candidate for textiles applications.  
In spite of the fact that the process to obtain the keratins from CF is still long and 
expensive, the understanding of the potential of these proteins to be used as 
biodegradable plastic is essential in order to use a growing source of waste (CF) as a 
new and innovative material. 
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Today handling of CF as a waste is a big problem (Parkinson, 1998). The most 
common method of disposal is burial. One of the economical evaluations of this 
waste today is its usage as animal feed. However this is a loss of valuable natural 
source considering the properties of CF discussed above. Also, applications of 
keratin preparations in the cosmetic industry are known (Reddy and Yang, 2007). 
The main disadvantage of CF is its relatively low strength. Therefore they cannot 
form a textiles fiber stand alone.  As a solution to this problem PAN can be used to 
enhance total strength. However this technique reduces elasticity of the new structure 
(Kalaoğlu, 2010). 
In this study polyacrylonitrile (PAN) was chosen as one component of graft 
copolymer, to improve mechanical stability of keratin and provide it with resitance to 
various chemicals  and solvents, sunlight, heat and microorganisms. Polyethylene 
glycol (PEG) was chosen to be grafted to the copolymer as well to provide elasticity 
to hard and brittle keratin-graft-PAN structure and to improve elastic properties of 
the resulting fiber. 
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2.  THEORY 
2.1 Chicken Feather 
In Turkey there is a clear tendency towards white meat as it is healthy and 
economical. Poultry production from TÜİK is statistics of the year 2013 given in 
Table 2.1. This gives rise to investments in poultry industry. Over the last 16 years 
chicken meat consumption has increased by 470% as shown in Table 2.1. This 
tendency resulted in a considerable increase in the amount of chicken feather (CF) as 
natural waste (Figure 2.1a). 
Table 2.1: Poultry production in Turkey (URL-1) 
 Number of chicken Meat (tons) 
1995 215 280 442 282 038 
1997 310 256 550 471 415 
1999 376 283 750 596 880 
2001 370 909 696 614 745 
2003 512 750 071 872 419 
2005 538 900 235 936 697 
2007 604 835 659 1 068 454 
2009 717 401 256 1 293 315 
2011 963 245 455 1 613 309 
 
Commercial evaluation, regeneration and recycling of this waste which contains 
macromolecules, have the advantage of reducing environmental pollution and also 
have the potential of additional economic gains. Instead of disposing, a small amount 
of waste feathers can be used in many areas including feeding chicken and other 
livestock, as supportive material in cattle feed, as fiber in winter clothes and other 
textiles, in synthetic fiber production also as ornamental material.  
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(a)                                                            (b) 
Figure 2.1 : Chicken feathers (a) waste, (b) macroscopic view 
CF contains 91% protein (keratin), 8% water and 1% lipids (Kock, 2006). Keratin is 
the structure which constitutes structures such as nail, scale, claw, and beak. CF 
fibers are sort of hollow and hard protein fibers. When these fibers are heated up, 
cross-links are formed and these links make the structure stronger and porous. CF 
has similar properties to other fibrous materials. As it contains keratin, it is very 
close to wool in nature. It is 6-8 times stronger than cellulosic fibers. Having small 
diameter means a larger total contact area and better water absorption capability. 
CF’s resistance to decomposition in wet environment is higher compared to other 
natural fibers. 
Macroscopic view of CF (Figure 2.1b) reveals that there is a cylindrical and hollow 
root and a feather axis following this root ending with a stalk. Biologically, CF has a 
non-living structure with the sole exception of the stalk called calamus. It is made up 
mainly of two parts, the fibers and the quills (Cheung et al., 2009). The feather axis 
is the section where keratin gets hardened to form a solid structure. There are 
numerous scientific studies to develop insulation applications as well. Thanks to their 
crystalline structure CF fibers are stable and resistant to physical and chemical 
impacts.  
2.2 Proteins 
Keratin is a type of protein. Therefore, first, brief information on proteins will be 
given. Then the details of keratin properties will be discussed. 
Protein is essentially the main entry of protoplasm of animal and herbal living cells 
and animal tissues, as well as enzymes. Proteins and peptides serve many functions 
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in biological systems (Bruice, 2004). Most proteins contain C, H, O and N together 
with metal types such as S, P, Fe, Mn, Cu, Zn etc. The main characteristic of proteins 
is that they contain nitrogen. The nitrogen content of protein is around 15-18%. 
Proteins are long-chain structures built up by amino acids. 
2.2.1 Amino acids 
Proteins consist of α-amino acids. Amino acids contain both (-NH2) and carboxyl 
(-COOH) functional groups (Table 2.2). In other words they exhibit both basic and 
acidic characteristics. Different groups substitute the hydrogen atom of –NH2 of R 
groups. Amino acids differ from each other by these different substitute groups (2.1). 
 
               BELOW                      Isoelectric point                    ABOVE 
          Isoelectric point                                                           Isoelectric point         
They exist as dipolar ions in neutral solutions by the migration of carbonyl proton to 
nitrogen atom. By addition of acid into solutions proton gets bound to carbonyl 
proton, cation is obtained and in electrolysis it migrates to cathode. If base is added, 
anion is obtained by proton transfer from ammonium cation to hydroxyl ion. 
Depending on proton concentration anions and cations turn into each other over 
dipolar ion. In electrolysis the point where there is no ion migration is called 
“isoelectrical point” (IP). At this point protein gets coagulated and the IP value can 
be figured out for any protein. The buffer effect of proteins in blood and other 
humors is resulted from these amphoteric properties of proteins. 
24 different types of amino acids were achieved from living body. All α-amino acids, 
except glycine, are optically active. In other words they carry at least 1 asymmetric 
carbon. In a chemical formula where carbonyl group is above, alkyl group is under, if 
amino group is on the right hand side this D, if it is on the left hand side this is L 
configuration. In the living organisms amino acids always have L configuration, as a 
rule.  
Amino acids are classified chemically as neutral, acidic and basic. Another 
classification is whether they are synthesised (endogen) or not synthesised (exogen) 
(2.1) 
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in organism. Some of the amino acids need to be received from outside (basic or 
exogen).  
A further classification is made according to the R- group of amino acid. This R 
group might be a aliphatic chain, aromatic, or heterocyclic. R can contain polar 
groups such as -SH or –OH. In other cases R might contain a second carboxy and/or 
second amino group.  
Out of 24 amino acids, the most common 12 types in keratin structure were given in 
the Table 2.2. 
Table 2.2: Most common amino acids and their percentages in keratin structure 
Amino acids Notation Formula % 
Glycine (amino acetic acid) 
(endogen) 
Gly 
 
 
6-11 
L-alanine (L--amino 
propionic acid) 
(endogen) 
Ala 
 
 
3.5-4 
L-leusine (L--amino-
isobutyl aceticacid) 
(exogen) 
Leu 
 
 
7-8.5 
L-isoleusine (L--amino--
dimethyl ethylpropionic 
acid) (exogen) 
Ile  
 
 
3-4 
L-serine (L--amino--
hydroxy propionic acid) 
(endogen) 
Ser 
 
 
9-11 
L-cystine (L--amino--
carboxyethyl dicystine) 
(endogen) 
Cys-Cys 
 
 
8-9 
L-methionine (-amino--
methyl mercapto butyric 
acid) 
(exogen) 
Met 
 
 
0.3-1 
CH2 COOH
NH2
NH2
CH COOHCH3
CH COOHCH2CHCH3
CH3 NH2
NH2
CH COOHCHCH2CH3
CH3
NH2
CH COOHCH2
OH
NH2
CH COOHCH2CH2
S
CH3
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L-aspartic acid (L-amino-
sucsinic acid) 
(endogen) 
Asp 
 
 
5-6 
L-glutamic acid (L--
amino-glutaric acid) 
(endogen) 
Glu 
 
 
8-11 
L-lysine (L-,-diamino-
caproic acid) 
(exogen) 
Lys 
 
 
0.5-1 
L-fenilalanine (L--amino-
-fenilpropionic acid) 
(exogen) 
Phe 
 
 
3.8-4.2 
L-proline (L-pyrolidine--
hydroxylic acid) 
(endogen) 
Pro 
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2.2.2 Formation of proteins 
The compund formed by the combination of the carboxylic acid of an amino acid, 
and the -amino group of another amino acid by means of output of 1 water 
molecule is called peptide, and the O=C—N—H bond combining these two amino 
acidsis a peptide bond (2.2). 
 
        Glycine   Alanine   Glycyl-alanine           (2.2) 
 
 
NH2
CH COOHCH2HOOC
NH2
CH COOHCH2CH2HOOC
NH2
CH COOHCH2CH2CH2CH2
NH2
NH2
CH COOHCH2
CH2 CH2
CH2 CH
COOHN
H
H2NCH2CONHCHCONHCHCONHCHCO2H
CH2OH
CH2SH CH2CH2CO2H
H2NCH2CONHCHCONHCHCONHCHCO2H
CH2OH
CH2CH2CONH2CH3
H-Gly-Cys-Glu-Ser-OH H-Gly-Ala-Glu-Ser-OH
NH2 (2.3) 
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Nomencalture is done according to the amino acid bound to the carbonyl, adding 
suffix -yl . Amino groups are symbolised by 3 letters as shown in Table 2.2. Notation 
of binding of amino acids to each other is done as shown in (2.3).  
This way, combination of  2, 3, 4 or more amino acids with each other forms di, tri, 
tetra … peptides. Structures having 10 peptides and less are called oligopeptide, 
those having more peptides are named as polypeptide. Those compouds which have 
more than hundred amino acids are called protein. The differences in sequence 
during the peptide process among a number of amino acids, result in structural 
differences in polypeptides, hence in proteins. In other words isomer occurs in 
polypeptides. As the number of amino acid residues increases, the number of isomers 
increases as well (10 different types of  amino acids form 10!=3,6128800 and 12 
different types of amino acids form 12!=479,001,600 isomers). For instance there are 
17 amino acids and 51 amino acids residues in human insuline (Figure 2.2). These 
are linked as two polymer chains cross-linked by means of two di-sulphur bridges.  
 
Figure 2.2 : Primary structure of human insulin 
Being unstable materials, proteins lose their characteristics due to external factors 
such as heat, UV and X-rays, some organic solvents  and agitation and generally they 
do not gain back their original forms. Changes in molecular configuration occur. 
Spiral form gets distorted and it loses its functions (enzyme function and hormone 
physiological impact). Some reactives give characteristic reactions in proteins. 
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2.2.3 Structure of proteins 
The structure of protein molecule can be explained in 4 parts: 
Primary structure of proteins, determines the sequence, number and types of 
amino acids on peptide chain (Figure 2.2). Independent from the number there is an –
NH2 group on free end and a –COOH group on the other end. 
Secondary structure of proteins, this can be thought as the 3-dimensional order of 
polypeptide backbone. Hydrogen bonds formed between oxygen and nitrogen atoms 
of peptide bonds provide protein with two different types of disposition. First we 
take a look at the geometry of peptide bond in order to understand these two different 
systems. (Figure 2.3). 6 atoms of peptide bond are on the same plane and their bond 
lengths are fixed. C-N is shorter than regular single bond by 1.32 Å. This shortness 
can be explained by the double bond characteristics formed by resonance. 
 
Figure 2.3 : Bond lengths between the atoms of peptide chains 
This double bond characteristics of peptide bonds prevents those groups which are 
bound atoms, from rotating around the atoms. In this system only inter-chain α-helix 
structure (Figure 2.4a) and intra-chain cis- and trans- isomers or β-sheet (Figure 
2.4b) are possible. These structures are explained by the geometry of peptide bonds 
and trans-chain and inter-chain hydrogen bonds. 
β-sheets come in two varieties, namely antiparallel β-sheet and parallel β-sheet. In 
the antiparallel β-sheet, neighboring hydrogen-bonded polypeptide chains run in 
opposite directions (Figure 2.5). 
In the parallel β-sheet, hydrogen-bonded chains extend in the same direction 
(Figure 2.6). 
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                               a)                                                                       b) 
Figure 2.4 : a) α-helix conformation and hydrogen bonds b) β-sheet structure or 
 configuration 
 
Figure 2.5 : Antiparallel β-sheet 
 
 Figure 2.6 : Parallel β-sheet 
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Like the α helix, the β sheet uses the full hydrogen-bonding capacity of the 
polypeptide backbone. In β sheets, however, hydrogen bonding occurs between 
neighboring polypeptide chains rather than within one as in an α-helix (Voet&Voet). 
Tertiary structure of proteins, Helesonised or twisted polypeptide chain due to the 
impact of fuctional groups such as mercapto (-SH), amino (-NH2), carboxyl 
(-COOH) and hydroxyl (-OH), existing on amino acids which constitute the 
polypeptide structure, folds onto itself and forms 3 dimensional, ball-shaped 
structure. This folding mechanism which forms the tertiary structure gives strength to 
the molecule. Factors forming the tertiary structure can be shown as in Figure 2.7. 
 
Figure 2.7 : Tertiary structure of proteins 
Quaternary structure of proteins, Hydrogen bonds of proteins of the same or 
different types are formed by polymerisation resulted by Van der Waals or inter-ions 
attractional forces (Figure 2.8). 
 
Figure 2.8 : Formation of quaternary structure in proteins 
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2.3 Keratins 
2.3.1 Chemical structure and properties of keratin 
Keratin is a family of fibrous structural protein. This fibrous property comes from its 
primary structure. Just like in proteins, in keratins, the cross-link structure among 
chains is formed by cystine. Percentage of cystine in keratin is around 8-9%. Cystine 
is the only amino acid which contains two -NH2, and two -COOH as well as 
disulphite (SS) (2.4). Polypeptide chains of keratin contain more cystines compared 
to other types of proteins. These polypeptide chains are linked to each other by 
sulphur bridges. The molecule formed by this cross-linking gets stronger and harder. 
Therefore, keratins are known to have a high level of stability. While the keratin 
content is 14% in hair- and wood protein, this increases to 91% in CF. That provides 
CF with a unique chemical and mechanical advantage. 
 
                    cystine                                                                                         
It was proposed that permanent set is due to SS breakdown brought about either by 
boiling water or by reducing agents, followed by linkage rebuilding to stabilize the 
extended conformation. 
-OH, -NH and –SH groups are very active and they react very quickly. Also SS 
bonds are very stable but they undergo degradation by acid and base. Literature 
review was made about reaction mechanisms of keratin in this field was the study 
Robson et al. (1969). They pointed out that cysteine transforms to dehydroalanine 
and cysteine in aqueous basic solution. The former being more active in nature 
compared to the latter, it reacts with lysine which has a second functionality and 
cysteine in room temperature to form lanthionine and lysinoalanine, respectively 
(2.5)-(2.7). They also showed that the extent of SS bond scission balanced the new 
cross-linkages formed by the setting treatment. These new cross-linkages are formed 
by lanthionine and lysinoalanine residues. 
(2.4) 
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(2.5 
 
 
Arai et al., confirmed the findings mentioned above in 1995 and took one step further 
for the details of cross-linking structure and location of disulphide cross-linkages in 
LS protein of keratin in aqueous basic medium. During the setting treatments in 
boiling basic water no or little change of the matrix structure occurred. It is, thus, 
emphasized that such cross-linking reactions in boiling water are specific for 
microfibril proteins. The bonds in microfibril protein transform into new 
cross-linkages in boiling water, but the SS bonds in high-sulphur matrix protein 
remain intact. Another finding was that cross-linkages are located in the region of LS 
proteins. In this region no conformational change occurred during the fiber 
extension. α-helix was unfolded by this extension. The SS bonds in α-helical 
segments become reactive only at the extension state of fiber and produce a free thiol 
group. The last finding was that  intramolecular  SS bonds existed in the α--helical 
segments. Results shown that the differences in shear modulus (G) were mainly due 
to the differences between the amounts of cross-linkages in LS protein and the values 
of the shape factor. Achieved results accord with the fact that the SS content and the 
structure of LS proteins among keratins are approximately the same. From this study, 
lanthionine (LS) 
lysinoalanine 
cystine (SS) 
 
dehydroalanine 
         cysteine 
           lysine 
cysteine 
dehydroalanine 
dehydroalanine 
(2.6) 
(2.5) 
(2.7) 
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it was concluded that the intermolecular SS cross-linkages in the a-helical rod 
domain are changed into free thiol groups by the extension of the fiber. The new 
cross-linkage theory seems to be unsatisfactory to explain the permanent set obtained 
by boiling extended wool fibers. 
Weiss et al. (2011), found out that -keratins (or -helix) and β-keratins (β-sheet)  
exist in many different types of living organisms such as mammalia, avia and reptilia 
as shown in Figure 2.9. 
 
 Figure 2.9 : Keratins in various tissues by mammalia, reptilia and aves. 
 
In the -helix structure, the backbone hydrogen bonds are arranged such that the 
peptide C=O bond of the n
th
 residue points along the helix axis toward the peptide N-
H group of the (n+4)
th
 residue. This results in a strong hydrogen bond that has the 
nearly optimum N∙∙∙O distance of 2.8 Å. Amino acid side chains project outward and 
downward from the helix (Figure 2.4a), thereby avoiding steric interference with the 
polypeptide backbone and with each other (Voet&Voet). 
To understand the details of -keratins structure a model was proposed by Fraser et 
al., in 1976, for the structural framework of the micro fibrils based on the then 
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available X-ray diffraction and chemical data. Since that time it has become clear 
that these micro fibrils belong to the group of intermediate filaments, which have 
many structural features in common. 
Later, in 1983, Fraser et al., shown that quantitative measurements of the X-ray 
diffraction pattern of -keratin was consistent with a microfibril structure.  
The general model for the molecule comprises a non-helical N-terminal region, a 
rod-like domain consisting of lengths of -helix linked by short non-helical regions 
and a non-helical C-terminal region. The morphological structure of a typical -
keratinous fiber is shown in Figure 2.10. 
 
 Figure 2.10 : Graphical representation of morphological structure of -keratinous 
fiber  
 
A very small change in any of the helix parameters would destroy the regularity and 
would provide a ready explanation for the occurrence of curved sheets. 
In the light of the close similarities which exist between the microfibrils of -keratin 
and other intermediate filaments the model presented here may serve as a basis for 
the structural framework of intermediate filaments in general. 
Just like in protein structure, β-keratin molecules are rich in foldings in keratins as 
well. They are therefore more stable and more resistant to hydrolsis. Microbial 
degredation of insoluble macromolecules such as cellulose, lignin, chitin and keratin 
depends on their mobilty on compact substrate face and the segration of extracellular 
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enzymes. The composition which forms the amino acid and molecular composition 
ensures structural stability (Akan, 2010).  
According to Greenwold et al., 2010, feather β-keratins are fibrous proteins that have 
four repeating units of two β-sheets that form - helical structure. This β-sheet 
structure is surrounded by a matrix that makes up the filament-matrix texture that is 
seen in the structure of feathers. It was found through X-ray diffraction studies that a 
"32-amino acid" segment, of the total 97 amino acids that comprise the feather β-
keratin coding region, makes up the 2-3 nm filament and that the remaining residues 
comprise the matrix. This is in contrast to the α-keratins (intermediate filaments), 
which have a coiled α-helix structure and have associated amorphous proteins. Based 
on sequence similarity, this 32 amino acid residue was identified in the β-keratins of 
scales and claws from reptiles and birds in addition to the chicken, suggesting that it 
is an important region and should be under intense purifying selection. 
2.3.2 Denaturation of keratin 
Natural state of protein disappears in strong anorganic acids such as H2SO4, HCl, 
NaOH or in bases. Keratin reacts acids and bases as well, lose their original form by 
hydrolysis. Figure 2.11 depicts the denaturation process of keratin schematically.  
 
Figure 2.11 : Denaturation process 
 
Wortmann et al. (2012) found that denaturation process reflects the transition of the 
α-helical segments in the keratin intermediate filaments. As a first step this proceeds 
to a random coil structure under the kinetic control of the surrounding matrix. In 
water the process shows primarily all characteristics of a one-step, 1st order process, 
which is consistent with an overall two-phase morphology of the hair cortex. 
However, the heat capacity change (∆Cp), underlying the denaturation, with heating 
rate, shows that the process is in fact more complex than the one-step transition 
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suggested by the experiments and is interpreted as a consequence of the progressive 
formation in a second, slower step of more ordered, possibly random -structures. 
This hypothesis is supported by a combination of current as well as literature data, 
which indicate a distinct decrease of activation energy (wet) at high heating rates. A 
detailed kinetic analysis of the DSC-curves (wet) is currently undertaken, which by 
combining iso-conversional methods and curve deconvolution addresses the problem 
of the DSC-curve inhomogeneity. 
2.3.3 Isolation of keratin 
Isolation is the term given to the method to achieve soluble keratin. There are 
different methods used in literature for keratin extraction.  
Abad et al., (2002) used 3 different methods to prepare keratin: In the first method 
they added formerly ground CF to NaOH and heated in a microwave oven at 60
o
C 
for 1 hour. They then neutralized resulting solution with HCl until the proteins were 
precipitated. The precipitate was centrifuged and freeze dried. In the second method, 
reduction with NaHSO3 was applied. Ground CF was mixed with a solution of 
sodium dodecyl sulphate (SDS) and NaHSO3. In the third method, 4 g of ground CF 
was added to a solution of 20% SDS and then dispersed. 
Vasconcelos et al., 2008, used methods to extract keratin from wool which involve 
the presence of reducing or denaturant agents (Na2S2O5) to break disulphide bonds. 
Regenerated keratin was then dissolved in proper solvents. One of these methods was 
sulphitolysis. During this process cysteine disulphide bonds were cleaved by sulphite 
to give cysteine thiol (reduced keratin) and Bunte salts [usually sodium salts of S-
alkylthiosulfuric acid, of general structure RSS(=O)2O
−
M
+
] residues. This method 
gave a keratin extraction yield about 30% of the total protein content of the original 
wool. Keratin extracted by the system using dithiothreitol (DTT) as the reducing 
agent gives a protein extraction yield of approximately 80% (2.8).  
However, the solution obtained by this method became partially insoluble after 
dialysis. This is due to the fact that the high sulphur proteins responsible for the 
reoxidation of the SH groups into disulphide bridges are insoluble. 
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                   (2.8) 
Martelli et al.,2012 immersed degreased-dried feathers in aqueous solution 
containing urea, sodium dodecyl suphate (SDS), 2-mercaptoethanol and 
tris(hydroxymethyl)-aminomethane (pH 9.0). This mixture was shaken in a jacketed 
reactor for 1-2 hours under a nitrogen atmosphere, and then paper filtered. The 
filtrate was dialyzed in distilled water using Spectra/Por dialysis membranes of 
regenerated cellulose (MWCO 6–8000 g/mol) for 72 h, changing the water every 
day. Dialyzate protein concentration was determined by a Biuret-based method, 
using a protein analyze kit. Before use for films preparation, protein concentration 
was standardized at 7 g/100 ml by diluting with distilled water and stored at 5
o
C. 
2.3.4 Literature review - studies on keratin 
Zhang et al., (1995) prepared feather keratin as a leather finishing agent. Keratins 
grafted with acrylic formed good emulsions and they were used for finishing and 
filling of leathers. Physical properties of the resulting leather was good.  
Keratin has about 40% hydrophilic and 60% hydrophobic chemical groups in its 
structure (Schmidt, W.F. and Line M.J.. 1996). The protein molecules can then 
assemble into an α-helix, a β-sheet, or a random coil macrostructure. Keratin feather 
fiber is 41% α-helix 38% β-sheet, and 21% random (disordered) structures.  
By using keratin fibers achieved from CF, polyethylene-based compoites were 
prepared for reinforcement purposes by Barone et al., in 2005. Compounding time, 
temperature, speed and state of fiber dispersion were analyzed and investigated. At 
different time and temperature levels compression molding was applied to these 
composites. CF keratin was found to increase the stiffness but decreased tensile 
strength.  
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Mosquitocidal toxins were produced by degrading waste CF to prepare bacterial 
media by Poopathi and Abidha in 2008. CF waste underwent degradation by 
entomopathogenic bacteria.   
By dissolving 10-20 wt% egg white protein and 30-40% keratin in zinc chloride 
solution, artificial hair was prepared (Xu, 2005). After that 40-50 wt% AN and 10 
wt% of an acrylic acid derivative monomer were added. To obtain a spinning dope a 
redox initiator was used. The resulting structure was applied into a coagulated bath 
via a spinneret in order to obtain a gel-like filament bundle. For chemical cross-
linking treatment washing, drawing and soaking in 0.5-20% hydrazine hydrate 
solution at 70-100 
o
C. The advantages of this system is low cost and high spinning 
speed along with artificial hair having gloss, soft feeling and a long life.   
The consequences of the plasticizing action of glycerol to CFK film were found to be 
favorable to the adsorption and absorption of water molecules to the film, so the 
water vapor permeability (WVP) was substantially increased. (Irissin-Mangata, 
Bauduin, Boutevin, and Gontard, 2001). 
CF was blended with sodium sulfite and glycerol and then extruded by Barone in 
2004. In order to achieve easy-to-process and value a added product from CF waste, 
several parameters were investigated such as extrusion conditions; sodium sulfite, 
water and glycerol concentrations, keratin quality and solid-state properties. 
Moore et al. (2006), worked on the influence of the glycerol concentration on 
mechanical, water vapor barrier and thermal properties, and on water solubility and 
water sorption isotherms of feather keratin films. Proteins form brittle films without 
the addition of plasticizing compound, such as polyols. glycerol is one of the best 
plasticizers that can be used in protein films, because it is water soluble, polar, non-
volatile, protein miscible and has a low molecular weight and one hydroxyl group on 
each carbon. 
Martelli et al., investigated in 2006 the influence of the glycerol concentration on 
feather keratin films sorption isotherms. The results showed clearly that glycerol 
increased the films water sorption, as expected. Glycerol at different level 
concentrations decreased the maximum tensile strength of CFK films and increased 
their elongation at break. Low glycerol concentrations are enough to significantly 
modify these properties. The thermal analyses showed that an increase in glycerol 
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concentration decreased glass transition temperature of keratin films. On the other 
hand, keratin films showed low water solubility when compared with the values of 
other protein-based films present in the literature. It is a remarkable result, 
considering the possible application of these films to produce packings, for example. 
Glycerol incorporation increased the hydrophilicity of CFK films considerably.  
Martelli et al., investigated in 2006 the mechanical properties, water vapor 
permeability and water affinity of feather keratin films plasticized with sorbitol. 
SEM results showed that sorbitol made the surface of CFK films more homogeneous 
these films were less hydrophilic than those plasticized with different sorbitol 
concentrations, as expected. Also, WVP increased with the increase of sorbitol 
concentration. Achieved values were greater than those found for keratin films 
plasticized with glycerol. Sorbitol was found to be less hydrophilic than glycerol.  
Influence of plasticizers on the water sorption isotherms and water vapor 
permeability of CFK films was investigated (Martelli et al.,2006). With the use of 
sorbitol, the film surfaces showed a more uniform aspect. In terms of moisture 
sorption it was found out that an increase in PEG concentration causes an increase in 
the equilibrium moisture content.  
Effects of glycerol and sorbitol concentration and water activity on the water barrier 
properties of cassava starch films was evaluated through a solubility approach 
(Müller et al.,2007). In terms of thickness and density of the starch films, the ones 
with a higher concentration of plasticizer showed higher densities, but the type of 
plasticizers did not influence the film densities. Glycerol and sorbitol hydroxyl 
groups made the films more hygroscopic, increasing the solubility coefficient of 
water in the films, i.e. β- values.   
Lv et al. (2008), investigated the polylactic acid (PLLA)/keratin ratio on mechanical 
and physical properties of electrospun nonwoven fibrous membrane. It was found out 
that that adding keratin into PLLA would significantly change some important 
mechanical and physical properties of electrospun nonwoven fibrous membranes 
such as tensile, compressional and moisture–related properties, which could 
influence their performances as scaffolds for tissue engineering. 
In another study in this field, Li et al. (2009), investigated the fabrication and 
degradation of PLLA scaffolds with wool keratin. They prepared small keratin 
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particles from keratin solution by spray drying process and then blended these 
particles with PLLA. As a result PLLA/keratin scaffolds with controlled pore size 
and well interconnectivity were fabricated. The surface chemical structure was 
examined by X-ray photoelectron spectroscope (XPS). The results suggested that the 
keratin could be held into the scaffold which was expected to improve the 
interactions between osteoblasts and the polymeric scaffolds. 
Dimensional stability of waterlogged wood treated with hydrolyzed feather keratin 
was studied by Endo et al. in 2008. This team developed a new method for the 
conservation of archaeological waterlogged wood using avian feather keratin. To 
dissolve feather sodium hydroxide was used. As conservation method, PEG 
impregnation was preferred in this study. The anti-shrink efficiency of duck feather 
keratin treatment was found to be higher than that of chicken or goose feather keratin 
treatments. 
Mishra et al. (2009), investigated bio-waste reinforced epoxy composites. The alkali 
treated keratin obtained from CF was used as reinforcing phase in epoxy matrix to 
form composites. Mechanical properties of these composites were evaluated and 
possible chemical reactions were identified. The bonding properties between keratin 
and epoxy resin and the cause of the high strength of this natural composite were 
studied by FTIR spectroscopy. 
Rouse et al.(2010), made a review of keratin-based biomaterials for biomadeical 
applications such as wound healing, drug delivery, tissue engineering, trauma and 
medical devices. They showed that has shown an impressive level of activity, 
diversity, and ingenuity, albeit at a relatively low level compared to other 
mainstream biomaterials. Keratin biomaterials possess many distinct advantages over 
conventional biomolecules, including a unique chemistry afforded by their high 
sulfur content, remarkable biocompatibility, propensity for self-assembly, and 
intrinsic cellular recognition. 
Armenta et al., (2012) found out that it was possible to graft HEMA onto chicken 
feathers fiber and carboxymethyl using different initiator systems. SEM micrograph 
gave evidence that the grafting reaction takes place on CFF and CMC surface until a 
saturation of active sites, and then homopolymerization happens. 
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Keratin fibers from CF were used as short-fiber reinforcement for a poly(methyl 
methacrylate) (PMMA) matrix by Martinez-Hernandez et al.,(2008). The addition 
reaction mechanism for polymerization of MMA by using AIBN to obtain free 
radicals is shown in (2.9). Figure 2.12 shows optical image of keratin biofiber-
PMMA composite. 
 
           
 
                                                                                                                                (2.9) 
 
Figure 2.12 : Optical image of keratin biofiber-PMMA composite 
Keratin biofibres were chemically modified by graft polymerisation of MMA using 
redox initiation system consisting of potassium permanganate, sulfuric acid and 
malic acid. To obtain optimum conditions of grafting, the effects of different 
concentrations of monomer, acids and oxidant system ere investigated. The chemical 
modification on keratin structure and the possible reactive sites involved in grafting 
were observed. The results show that an effective yield of grafting was achieved with 
this system depending on established reaction parameters.  
(2.9) 
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Polystyrene-grafted keratin fiber was prepared by Mu et al. (2008) by using the 
surface amino end-groups of the keratin fiber as active sites. The surface amino end-
groups were treated with bromoacetyl bromide to introduce the initiating groups. 
Then the atom transfer radical polymerization of styrene was conducted from the 
surface initiating groups. 
Schrooyen et al. (2001), prepared solution cast films from partially 
carboxymethylated feather keratin dispersions. The effect of the degree of cysteine 
modification, added glycerol as a plasticizer, and water on thermal and mechanical 
properties of solution cast films was investigated. To obtain films with a high elastic 
modulus and tensile strength, they decreased the amount of intermolecular cross-
links in keratin by partially modifying the cysteine residues. This left the remaining 
cysteine free to oxidize during the film-forming process.  
Schaller et al. (2003), investigated membranes prepared from keratin-PAN graft 
copolymers. Graft copolymerization of AN onto a soluble wool keratin derivative 
was studied with the reduced and carboxymethylated low-sulfur protein fraction 
from wool. Observation by scanning electron microscopy showed that the surface 
consisted of rather spherical keratin domains regularly distributed in the PAN matrix.  
Hong et al. (2004), developed a novel bio-based composite material, suitable for 
electronic as well as automotive and aeronautical applications, from keratin feather 
fibers. The incorporation of keratin fibers in the soy oil polymer enhanced the 
mechanical properties such as storage modulus, fracture toughness, and flexural 
properties. 
Coward-Kelly et al.(2006), investigated the lime treatment of CF to generate 
digestible animal feed.  Without appropriate processing, feather meal has little 
nutritive value because keratin is not degraded by most proteolytic enzymes. They 
treated chicken feathers with calcium hydroxide, the least expensive base on the 
market. The treatment hydrolyzes the protein to soluble amino acids and 
polypeptides to generate an amino acid-rich product that can be used as animal feed. 
They found out that indicating that no ammonia toxicity will result from cattle being 
fed soluble keratin. 
Prochon et al., (2007) found out that keratin used as filler improved the mechanical 
properties of composites and that it can be used as exclusive filler for carboxylated 
acrylonitrile-butadiene rubber vulcanizates with the compositions. The vulcanizates 
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containing protein show a good resistance to fuels and oils and therefore they can be 
used for the production of materials to be applied in contact with these solvents. 
Results show that show that protein is active filler and that its activity intensively 
increases when keratin directly blended with zinc oxide is incorporated into the 
rubber mixes. 
Silk fibroin with regenerated keratin was dissolved from wool in formic acid by 
Zoccola et al. (2008). They grouped the solutions according to their rheological 
properties. To achieve nanofibers, electrospinning was applied. Comparative 
investigations were made after preparing blend films by casting in polyester plates.  
Keratin was extracted in a reduced form from horn meal to prepare a porous scaffold. 
(Srinivasan et al., 2009). Physiochemical properties of this reduced keratin structure 
were characterized. According to the results of the study keratin was found to have 
important economic potential to be used in biomedical science as biomaterial. 
Specific application fields might be tissue engineering and dermal drug delivery 
systems.  
From various types of plants such as flax, wheat straw, banana and hemp 
lignocellulose fibers were achieved by Barone in 2009. These fibers then were 
incorporated into keratin for reinforcement purpose.  
Aluigi et al. (2008), worked on structure and properties of keratin/PEO blend 
nanofibres. They blended regenerated keratin with aqueous solutions of 
poly(ethylene oxide) (PEO) in different proportions in order to improve its 
processability. Keratin/PEO nanofibres were produced by electrospinning the blend 
aqueous solutions. FTIR analysis results indicated that electrospinning process 
induced structural modifications in the natural self-assembling of keratin chains; in 
particular, the electrospinning process destabilized the α-sheet structure. 
An interaction between keratin and PEO was found in aqueous solutions for 
nanofiber electrospinning by Varesano et al. (2008). PEO was added in different 
ratios to keratin, extracted from wool. The main target of this study was to improve 
the processability of keratin.   
PEG-based composites were prepared using keratin feather fiber obtained from CF 
(Martelli et al., 2012). According to the results of the study, the increases of PEG 
molecular weight cause a decrease of the equilibrium moistures of chicken feather 
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keratin (CFK) films. After experiments it was found that films without a plasticizer 
showed higher values of water solubility than films plasticized with PEG4000 and 
PEG6000. Results shown that moisture content (gwater/gdry matter) increased by 
increasing plasticizer concentration due to the hydrophilic plasticizers characteristic.  
2.4 Redox Polymerization of AN with Persulphates  
All free-radical chain reactions require a separate initiation step in which a radical 
species is generated in the reaction mixture (Saraç, S.A., 1999). Some types of chain 
reactions are initiated by adding a stable free radical, one that shows little or no 
tendency for self-combination, directly to the reactants, but a separate initiation step 
is still involved because these stable radicals are most often inorganic ions or metals. 
Radical initiation reactions, therefore can be divided into two general types 
according to the manner in which the first radical species is formed; these are: (1) 
homolytic decomposition of covalent bonds by energy absorption; or (2) electron 
transfer from ions or atoms containing unpaired electrons followed by bond 
dissociation in the acceptor molecule. 
Many oxidation-reduction reactions produce radicals that can be used to initiate 
polymerization. This type of initiation is referred to as redox initiation, 
redox/catalysis or redox activation. A prime advantage of redox initiation is that 
radical production occurs at reasonable rates over a wide range of temperatures 
depending on the redox system, including initiation at moderate temperatures of 
0-50
o
C an even lower (2.10).  
A very effective method of generating free radicals under mild conditions is by one-
electron transfer reactions, the most effective of which is redox initiation. The redox 
initiation in aqueous media are generally used persulfate, peroxymonosulfate, 
peroxodisulphate. 
Ammonium persulfate (NH4)2S2O8 is a strong oxidizing agent. With persulphate 
initiator, several monomers (AN, methacrylic acid, methacrylamide, MMA and ethyl 
acrylate) were grafted onto wool fibres with the aid of cysteine present in wool 
(2.11). 
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 (2.10) 
  
  
or 
  
   
             (2.11) 
The oxyacids of sulfur such as sulfite, bisulfite, bisulfate, thiosulfate, metabisulfite 
and dithionate form efficient redox systems in conjuction with persulfates. 
Polymerization initiated by the persulphate thiosulphate redox pair can be 
represented as in (2.12) 
                                           
                                            (2.12) 
Thiomalic acid is one example of acids used for the polymerization of AN in the 
presence of peroxidisulphate and in a nitrogen atmosphere (Tajuddin I, et al., 1986). 
The rate of polymerization was found to depend on AN concentration in first order, 
an order of 0.40 on the thiomalic acid concentration and 0.60–0.75 on S2O8
2-
 
depending on the monomer concentration. 
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The reaction mechanism in (2.13) was suggested for the formation of initiating 
species, and sulphhydryl radical derived from thiomalic acid is assumed to be the 
predominant initiating species: 
 
                                                                    
                                            
                                                               
                                                                                          (2.13) 
Using as ammoniumpersulfate (APS) as initiator, AN was copolymerized with 
styrene by Wang and Pan (2000), by emulsifier-free emulsion polymerization. 
Afterwards, they prepared P(St-co-AN)Ni composite particles with magnetic 
property, by means of chemical metal deposition. 
AN-based copolymers were successfull applied by Xu et al, (2003) as membrane 
materials in the fileds of dialysis, ultrafiltration, enzyme immobilization and 
pervoparation but their further applications in aqueous solution and biomedical usage 
were limited because of the relatively poor hydrophilicity  and biocompatibilty for 
this type of membrane. 
Botros and Moustafa (2002), synthesized AN-styrene-MMA terpolymer in bulk form 
and by emulsifier-free emulsion techniques. Emulsion polymerization was initiated 
by APS. The conversion rate to AN-styrene-MMA terpolymer prepared with the 
emulsifier-free emulsion terpolymerization at 50°C, reached a maximum value 
(80%) after 200 minutes while conversion to AN-styrene-MMA terpolymer prepared 
with the bulk terpolymerization at 65°C reached 73% after 240 minutes. 
Kinetic studies on the redox system organic acid–peroxidisulphate indicates the 
formation of SO4
.-
, O˙H and organic radical intermediates which initiate 
polymerization depending on the nature of the media. 
The polymerization of AN initiated by an ascorbic-acid–peroxidiasulphate redox 
system was studied in an aqueous solution and in the presence of air at 358°C 
(Ariff M et al., 1985). PAN adopts the head-to-tail linkage of its monomer units with 
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nitrile groups on alternate carbon atoms at very close proximity (Mark et al., 1985). 
Molecular oxygen was found to have no effect on the polymerization reaction. 
Depending on the experimental conditions, oxygen may act as an initiator, inhibitor 
or retarder of polymerization. 
The rate of polymerization of AN by ascorbic-acid–peroxidisulphate redox system 
was shown to be dependent on the square of the monomer concentration and a half 
order dependent on peroxidisulphate concentration. A first-order dependence on 
ascorbic acid concentrations at low concentrations was found. 
The reaction mechanism in (2.14-2.15) was proposed for the polymerization of AN 
in the presence of oxygen by S2O8
2– 
ascorbic acid (AH) redox system, based on 
kinetic results: 
           (2.14) 
 
where ˙AH may form by the autocatalytic oxidation of ascorbic acid. 
           (2.15) 
The formation of complexes MAH
-
 and S2O8
2-
 –AH2 was explained by the fact that 
both S2O8
2-
 and acrylonitrile are electron-deficient species which form charge 
transfer complexes with ascorbic acid. The species M˙AH is susceptible to oxidation 
by O2 since it can be considered as a resonance hybrid of (AH˙–M) and (AH–M˙). 
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But once the species .(M2–AH) is formed, further oxidation can be neglected and the 
only possible reactions considered are propagation and mutual termination. The 
effect of pH on the rate of polymerization was related to the effect of pH on the 
equilibrium constants (K1 and K2) and increase on the concentration of complex 
(S2O8
2-
  –AH2). The overall effect is the decrease in the production of M˙AH and 
˙AH at lower pH values with the resulting lower Rp values and higher induction 
periods. 
Guo et al. (1990), investigated the initiation mechanism persulphate/aliphatic 
diamine system. The primary and secondary diamines first formed a contact-charge-
transfer complex when they were contacted with persulfate. Then, an ammonium salt 
was formed through electron-donating from the N-atom (2.16).  
 
 
                                                                                (2.16) 
Graft copolymerization of PAN with chitosan is a novel and promising attempt due 
to the chemical binding between macromolecules (Lv et al., 2009). Graft copolymer 
of carboxymethyl chitosan with methacrylic acid (MA) was prepared by using the 
APS as the initiator and its water solubility was greatly improved. PAN had grown 
30 
into enough long chain to form the regular crystalline region during the graft 
copolymerization. 
In the literaure a similar study to grafting of PAN and PEG onto karatin was not 
found. 
2.5 Textile Fibers 
2.5.1 Required properties of textile fiber 
Textile fiber is first brought into form of yarn after the process called spinning. 
Several fibers come together in the cross-section to form the yarn structure. 
Figure 2.13 shows the cross-section of yarn, composed of filaments.  
 
Figure 2.13: Cross-section of yarn, composed of filaments 
A textile fiber is required to have several properties in order to cope with these long, 
repetitive and damaging physical and chemical applications (Carvelli et al., 2008). 
According to Carvelli, the prediction of the mechanical properties of textiles has 
been item of several research activities by different approaches.  
Although the importance varies depending on the specific are the fabric will be used 
in, most important features of a texile fibers are tensile strength, elongation at break, 
recovery after elongation, modulus of elasticity, moisture absorption, dyeability and 
resistance to chemicals and solvents. One individual property can rarely determine 
the value of a fiber. Rather, a combination of properties will govern technical and 
commercial success (Poole et al., 2009).  
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An acceptable tensile strength is around 5 g/denier, or, 574Mpa. Elongation at break 
should be more than 10%. A textile fiber is expected to have reversible elongation 
after strains of 5%. Modulus of elasticity should be in 30-60 g/denier region. 
Moisture absorption capacity is another important factor for comfort during waering 
and it should be around 2-5% of weight of fiber. 
Yarn properties are determined by fiber properties. Longitudunal alignment of fibers 
along the axis forms the yarn. A close packing and regularity is preferred for good 
yarn characteristics and physical and chemical properties such as strength, touch and 
dyeability.  
In synthetics, a fiber is composed of polymer chains. The length of these chains 
determines the molecular weight. Achieiving the optimum molecular weight is 
important to match the properties of the end use of yarn, and fabric. As the molecular 
weight increases strength improves, however going beyond the optimum level results 
in process-related difficulties at yarn- and fabric production stages. 
PAN fibers have advantages including large specific surface area, good adsorption 
performance, easy handling and convenient utility in various forms (Zhenbang et al., 
2010). The density of PAN fibers is lower than that of aramid fibers, which helps to 
reduce the mass of thermal insulator. It also has unique advantages such as rich 
resources, low cost, good processing (Jin et al., 2008). 
2.5.2 Electrospinning 
The beginning of studies with electrospinning date back to the beginning of 20th 
century. For production of polymer filaments using electrostatic force, a version of 
electrospinning process was patented in 1934 by Formhals. Electrospinning is a 
process that creates nanofibers through an electrically charged jet of polymer 
solution or polymer melt (Ramakrishna et al., 2005). It is essentially a process which 
uses a strong electric field to draw a polymer fluid into fine filaments. The basic 
electrospinning device has a metering pump, a high-voltage power supply, a 
container for polymer solution and electrode collector screen. A schematic 
represantion of electrospinning process is given in Figure 2.14. When a polymer 
solution is charged with a high voltage, the electrostatic force draws the solution into 
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the jet, which stretches the mass and makes thinner. After evaporation of the solvent, 
solid fiber is achieved. 
 
Figure 2.14: A schematic representation of electrospinning process 
Electrospinning is currently the most promising techniqiue to make mass-production 
of continuous nanofibers and its biggest advantage is that fiber diameter can be 
adjusted from nanometers to microns (Fang et al., 2008). With its high production 
capacity it has ecomical advantages for industrial purposes, as well.  
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3.  EXPERIMENTAL 
3.1 Chemicals Used 
Acrylonitrile (AN) : Fluka, kept in fridge before use at -10
o
C 
Poly(ethylene glycol) (PEG) : Merck, 2 types are used; PEG600 and 1500. Kept in room 
temperature 
Chicken Feather (CF) : Feather purchased from company “Erpiliç”. Dewaxed CF 
with soxhlet using chloroform were cut into small pieces 
and kept in deep freeze to save them in dry form. 
Ethylene diamine tetra acetic 
acid (EDTA) 
: Balmumcu Kimya, 452,20 g/mol 
Sodium Hydroxide (NaOH) : Merck, purity 97% 
Ammonium persulfate (APS) : Merck, dried in drying oven 
Acetone : Technical acetone, used after distillation 
Sodium sulphur : Merck 
Sodium meta-bisulphite 
(SMBF) 
: Technical 
Acetic acid  : Merck, 99.8%  
Dimethylformamide (DMF) : Merck, 99.8% 
3.2 Instruments 
Mechanical Mixer : Heildolph RZR1 TypeAC 220V, 50Hz. 
Magnetic Mixer : AGE 10.0164, VELP Scientifica srl. 
Vacuum : Shel-Lab vacuum (used for drying puposes). 
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Freeze Drier : Alpha 1-4 LD plus freeze drier (used to dry keratin) 
Weighing Scales : Ohaus–Adventurer Pro AV264 with 0.001 g, JCS-B with 
0.1 g and Sauter with 0.0001 g sensitivity  
Centrifuge : Centurion – Scientific Ltd 
FTIR Spectroscopy : FTIR  spectra  were  recorded  on  Thermo  Nicolet  380  
in  4000–400  cm-1 region, using KBr pellets with 1%, 
(w/w) sample concentration. 
1
H-NMR :
 1
H-NMR spectra were recorded with Bruker 250 MHz 
NMR Spectrometer and on  Varian  UNITY  INOVA  
(500.00  MHz  for  1H,  125.72 MHz for 13C) 
instruments. DMSO-d6 was used as solvent for NMR 
measurements.  
Electrospinning : Hand-made electrospinnings 
SEM : The morphology of the fractured surfaces of the films was 
investigated with a Zeiss EVO MA10 scanning electron 
microscope. Samples were coated with gold. 
DSC :  DSC
1
 Star
 
System Mettler Toledo 
TGA : TGA/ DSC
1
 Star
 
System Mettler Toledo  
3.3 Keratin Preparation from CF 
Dewaxed CFs was dried and cut into small pieces were placed into a flat bottomed and 
mechanically-stirred flask, shown in Figure 3.1b. Onto 100 ml of distilled water 5-15 g of 
NaOH was added. By shaking and hand-mixing it was made sure that the base was solved 
thoroughly. 0.15 g of EDTA was added to the solution then poured onto feather solution. This 
solution was placed in a 40
o
C bath where a mixer rotated. In the system reaction took for 
1.5-3.5 hours. After the completion of the reaction neutralization was implemented with 
acetic acid to pH 4.2.  Then, the precipitated keratin was centrifuged, washed with acetone, 
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frozen and dried by lyophilizer. After drying in freeze drier for 24 h the material was brought 
to a powder-format and kept in vacuum desiccators to save them in dry form. 
 
 
 
 
 
 
 
 
 
 
(a)                                                                  (b) 
Figure 3.1: (a) Extraction with soxhlet system (b) Solubilisation of keratin 
3.4 Keratin-graft-poly(acrylonitrile-co-ethylene glycol) Preparation 
Concentration of polymer solutions was 0.30g/ 1.0 dL. Molecular weight was measured by 
using Ubbelohde viscosimeter. Water bath was adjusted to a temperature of 30±0.1
oC’with 
the help of thermostate. In order to calculate molecular weight Mark Houwink equation was 
chosen within previous academic studies done in this field. (Yajun et al., 2006). 
[η] = K.MV
α
  (Mark Houwink equation) 
K= 0.000335mL /g         α= 0.75 
[η] = 0.000335.MV
0.75
 
First of all, the duration of flow time of the pure solvent between two lines was measured in 
Ubbelohde viscosimeter. Afterwards flow times of polymer solvents were solved one by one. 
Each sample was diluted twice and flow times were measured again. The ratio of flow time of 
polymer to that of solvent gives the relative viscosity. 
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ηr = η/ηo = t/to              ηr = relative viscosity 
In polymer solutions relative viscosity is always greater than 1. Therefore it is more efficient 
to use specific viscosity (ηsp), which indicates the partial impact of polymer molecules in the 
solution on viscosity, instead of using relative viscosity. 
ηsp = ηr -1 = (t- to ) / to = (η– ηo ) / η       ηsp = specific viscosity 
[η] = lim(ηsp /c)          [η] = intrinsic viscosity 
By using viscosity equations molecular weights of polymers were calculated.  
3.5 Film Preparation for Dynamic Mechanical Analysis 
Films were prepared by solution casting method. 0.7g and 2.1g polymer solutions were 
dissolved in 10 ml DMSO and then half of the solvent was evaporated at 100
o
C under fume 
hood. The solutions became viscous and were poured in a mold with 78x53x3 mm 
dimensions. 
3.6 Electrospinning of Keratin-graft-Polyacrylonitrile 
20 % w/w polymer solutions were prepared by 20/80 % w/w DMF/DMSO solvent mixture. 
Solutions were electrospun with 1 ml/h flow rate and under 15 kV. The distance between the 
needle and the plate was 15 cm. 
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4.  RESULTS AND DISCUSSION 
4.1 Extraction and Characterization of Keratin from CF 
As discussed in earlier chapters, CF contains 91% of insoluble keratin and 1% fat, 
remainder being water. For this purpose first the keratin fat was removed and then 
soluble keratin (K) was extracted from insoluble chicken feather S-S cross-links 
broken in basic medium (4.1). Keratin was dissolved in an aqueous solution of 
various concentrations of NaOH in order to give solubilisation with breaking the 
disulfide bonds (4.1). Keratin was precipitated with acetic acid. EDTA as emulsifier 
was chosen since in a previous study positive results were obtained with this 
chemical. It helps the feathers stay in the solution at a maximum level so that a stable 
dispersion was obtained.  
  
 chicken feather (CF)                                soluble keratin (K)                                 (4.1) 
It was observed that the yield of soluble keratin obtained from chicken feather 
depends on the amounts of chicken feather, NaOH, EDTA, the temperature and the 
hydrolysis reaction time (Table 4.1). Trials carried out at constant 40°C since 
positive results were achieved in a previous study conducted by our group (Kalaoğlu, 
2010).  
EDTA concentration was reduced to 2.7 mmol/L from 4.1 mmol/L in low base 
concentration medium. Yield increased from 16% to 30% (KS6 and KS5). This 
result suggested that excess amount of EDTA would be detrimental to yield. It was 
thought that EDTA was dissolved in the solution and stopped keratin precipitation. In 
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order to see the impact of NaOH concentration, it was increased from 2.0 mol/L to 
3.0 mol/L (KS5 and KS2). Yield increased from 16% to 37%. For this reason NaOH 
concentration was kept at high level in subsequent trials. In high base concentration 
medium, decreasing EDTA concentration from 4.1 mmol/L to 3.6 mmol/L decreased 
yield from 37% to 16% (KS2 and KS3). After this trial CF amount was increased and 
kept at that increased level. The duration of the reaction was reduced from 3h to 1.5h 
(KS 4 and KS7). This changed increased the yield from 21% to 29%, suggesting that 
increasing process time increases the rate of degradation as well, which in turn 
reduces the yield. In order to reconfirm its effect on the yield, CF amount was 
decreased, which decreased the yield, as expected (KS4 and KS2). 
Table 4.1: Solubilisation conditions for 10 g keratin from chicken feather  
Item 
NaOH 
mol/L 
NaOH/CF 
mmol/g 
EDTA 
mmol/L 
Reaction 
Time 
h 
Temperature 
°C 
Yield 
% 
KS2 3.0 28.4 4.1 3.5 40 37 
KS3 2.9 27.5 3.6 3.5 40 16 
KS4 3.0 37.5 4.1 3.0 40 21 
KS5 2.0 25.0 4.1 3.5 40 16 
KS6 2.0 25.0 2.7 3.5 40 30 
KS7 3.0 37.5 4.1 1.5 40 29 
KS8 1.5 15.0 4.1 1.5 40 59 
Ideal conditions for high keratin extraction yield was found to be low pH, high CF 
concentration, short process time and low temperature as given in KS8. In the group, 
as high yields as 90% were achieved under these ideal conditions.    
FTIR spectral analysis was applied to the samples achieved. In order to confirm that 
these structures are keratin, bands and signals were analyzed. Results achieved by 
using KBr and/or ATR; were shown in Figure 4.1. 
The main characteristics of keratin protein are amide A, amide B, amide I, amide II  
and amide III absorption bands (Aluigi et al., 2008; Wojciechowska et al., 2004; 
Kalaoğlu, 2010). The peptide group, the structural repeat unit of proteins, gives up to 
9 characteristic bands. 
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Figure 4.1 : FTIR spectra of KS7 both KBr and ATR 
Out of these 9 bands the most common 4 types will be investigated. The amide A  
band (about 3500 cm
-1
) and amide B (about 3100 cm
-1
) originate from a Fermi 
resonance between the first overtone of amide II and and the N-H stretching 
vibration. Amide I and amide II bands are two major bands of the protein infrared 
spectrum. The amide I band (between 1600 and 1700 cm
-1
) is mainly associated with 
the C=O stretching vibration and is directly related to the backbone conformation. 
Amide II results from the N-H bending vibration and from the C-N stretching 
vibration.  
The frequency of stretching vibrations of N-H bonds reveal Amide A and amide B 
bands. For all samples was shown amide A absorption band  at 3278-3297 cm
-1
 and . 
All samples shown amide B absorptions band between 3074-3077 cm
-1
. Among 
2950-2958cm
-1
 asymmetric and among 2850-2853 cm
-1
 symmetric C-H stretch bands 
are visible. All samples shown β-sheets strong vibration values between 
1637-1639 cm
-1
. Vibrations between 1533-1550 cm
-1
 denote the presence of α-helix 
structure. The bands of 1406 and 1385 cm
-1
 show the bending vibrations of C-H 
groups. The NH in-plane bending mode is a significant component of a number of 
modes in the 1400-1200 cm
-1
. Vibrations among 1229-1260 cm
-1
 are therefore are 
the signs of amide III absorption band of keratin. 
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Spectral features below 750 cm
-1
 were dominated by the structurally important C-S 
and S-S bonds. The bands at 702 cm
-1
 and 611 cm
-1 
were assigned to the stretching 
vibrations of C-S bonds present in the gauche conformation.  
Keratin structure could also be supported by 
1
HNMR spectrum because it has various 
different types of hydrogens on the amino acid chain. In 
1
HNMR, different protons 
resonate at different frequencies depending on the neighbouring atoms. These 
specific chemical shifts can be used to obtain important structural information about 
molecules. Proton chemical shifts of some prominent amino acids exisiting in keratin 
structure are given in Table 4.2. 
Table 4.2: Typical proton chemical shifts of some amino acids in keratin (ppm) 
(Ma et al., 2002; URL-2; Kalaoğlu, 2010)   
Amino Acid Hα Hβ Hγ Hδ Other 
L-Aspartic acid 4.6 2.3-2.5 - - - 
L-Glutamic acid 4.5 2.1-2.2 2.2-2.3 - - 
L-Arginine 4.4 1.6-1.7 1.4-1.5 1.6-1.7 - 
L-Proline 4.5 2.0-2.2 2.0-2.1 3.6-3.7 - 
L-Threonine 4.5 4.4 1.2 - - 
L-Valine 4.4 2.0 0.9-1.0 - - 
L-Cysteine 4.5 3.1-3.3 - - SH: 1.76 
L-Alanine 4.4 1.4 - - - 
L-Leucine 4.4 1.6-1.7 1.6 0.9-1.0 - 
L-Isoleucine 4.3 1.0 1.1-1.2 1.0 CH3: 0.9 
L-Phenylalanine 4.5 2.8-3.0 - - ArH: 6.5-7.6 
L-Glycine 3.8-4.2 - - - - 
L-Serine 4.5 3.6-3.7 - - - 
L-Thyrosine 4.5 2.8-3.0 - - ArH: 6.5-7.7 
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Figure 4.2 : 
1
HNMR spectrum of Keratin (K) 
The signal at 1.24 ppm should belong to Hγ of L-isoleucine or L-threonine. Also, Hβ 
and Hδ of L-arginine have signals around 1.6 ppm. The –SH hydtogen has a signal at 
1.80 ppm. The signal at 1.95 ppm might belong to Hβ and Hγ of of L-proline; Hβ of 
L-glutamic acid. The signal at 2.76 ppm represents Hβ of L-phenylalanine and L-
tyrosine and the signal at 7.31 ppm shows aromatic hydrogen of these groups. 
Signals in the range of 7.88-8.16 ppm show =N-H protons of proteins (Figure 4.2). 
FTIR and 
1
HNMR spectra results show that soluble keratin achieved from CF was 
indeed extracted. 
4.2 Keratin-graft-poly(acrylonitrile-co-ethylene glycol) Preparation 
All keratins were brought together, mixed homogenuously and kept in desicator. 
Further extra keratin preparations were made under KS8 process conditions. Then 
these soluble keratins were used in graft copolymerization.  
In this study, AN monomer was polymerized and together with two kinds of PEG 
(PEG600 and PEG1500), these were grafted to keratin. Keratin contains functional 
groups such as –NH, -OH and –SH.  
 
42 
 
 
 
(4.1) 
The active hydrogens on these functional groups acted as reducing agents in presence 
of a redox initiator as indicated in literature (Kalaoğlu, 2010). The reactions 
proceeded via radical polymerization in an aqueous system using APS redox 
initiator. Sodium metabisulfite was chosen as reducing agent since it forms a redox 
initiator pair with APS. Blank experiments were performed without adding keratin at 
35
oC. It was seen that homopolymerization didn’t occurr at 35oC. All reactions were 
conducted at 35°C and reaction time was 3 hr, thus homopolymerization did not 
occur.The probable reaction mechanism is expected as shown in (4.2-4.4). 
Initiation step 
 
 
 
                                                 (4.2)  
Propagation: 
                                              (4.3) 
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Termination: 
  (4.4) 
The polymerization conditions and yield table of keratin-graft-(PAN-co-PEG600) 
and keratin-graft-(PAN-co-PEG1500) were shown in Table 4.3. SP4 through SP9 are 
samples with PEG600, while SP20, SP21 and SP22 are with PEG1500.  
Table 4.3: Polymerization conditions and yield values of keratin-graft-(PAN-co-
PEG600) and keratin-graft-(PAN-co-PEG 1500). [Reaction Temparature: 
35°C, Reaction time: 3 hr] 
Item 
AN 
mol/L 
Polyol 
mol/L 
AN/K
*
 
mol/g 
APS 
mmol/L 
APS/AN 
mmol/mol 
SMBS 
mmol/L 
Yield 
% 
Mv
**
 
                             PEG600 
SP6 1.48 0.18 0.37 198 134 78.5 82.1 9500 
SP7 1.29 0.39 0.37 173 134 69.2 19.0 8700 
SP9 1.48 0.18 0.18 99 67 78.5 8.0 24600 
                             PEG1500 
SP20 1.64 0.08 0.38 110 64 86.2 7.3 4700 
SP21 1.64 0.19 0.41 110 60 86.2 36.8 6000 
SP22 1.64 0.19 0.41 219 120 86.2 30.6 5500 
*    K: Keratin 
**Mv: Molecular weights were calculated based on viscosity 
In polymerization processes with PEG600, doubling the APS amount (from 
99 mmol/L to 198 mmol/L) in SP4 increased the yield from 15.4% to 82.1% in SP6. 
Doubling the APS amount (from 86 mmol/L to 173 mmol/L) in SP5 increased the 
yield from 11.6% to 19% in SP7. It was understood that increased amounts of APS 
increased the yield and 198mmol/L gave the best result. APS/SMBS mol/mol ratio is 
another determining factor on the yield. 
Reducing the AN/keratin ratio of 0.37 in SP4 to 0.18 in SP9 decreased the yield 
considerably, from 15.4% to 8%. It was found out that AN concentration per unit of 
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keratin was directly proportionate with the efficiency of the process. Another finding 
was that as the AN/PEG600 mol/mol ratio increased, the yield increased as well (SP6 
and SP7). The best polymerization conditions were found to be 1.48 mol/L of AN; 
0.18 mol/L of PEG600; 198 mmol/L of APS and 78.5 mmol/L of SMBS. In 
polymerization processes with PEG1500, increasing the PEG1500 concentration 
from 0.08 mol/L in SP20 to 0.19 mol/L in SP21increased the yield from 7.3% to 
36.8%. Increasing APS from 110 mmol/L to 219 mmol/L decreased the yield from 
36.8% to 30.6%, in contrast to the finding obtained with PEG600 trials which 
suggested that an increase in APS would increase the yield. It was thought that the 
optimum APS amount was between 110 mmol/L and 219 mmol/L.  
Keratin molecular weight average is 4500. The highest molecular weight among 
poly(acrylonitrile-co-ethylene glycol600) copolymers was 24600. It was interesting 
to note that the yield for this type of polymer was the lowest among other 
experiments. In poly(acrylonitrile-co-ethylene glycol 1500) experiments SP21 had 
the highest molecular weight of 6000. This experiment was the highest yield 
compared to other trials.  
 
Figure 4.3: FTIR spectra of keratin, keratin-graft-(PAN-co-PEG600) and keratin-
graft-(PAN-co-PEG 1500) 
FTIR spectra results were achieved for keratin and both types of copolymers, i.e. 
with PEG 600 and PEG 1500 and shown in Figure 4.3. Table 4.4 shows also FTIR 
results of keratin-graft-PEG 600 and keratin-graft-PEG 1500 close to each other. At 
KS7 
 
SP8 
 
SP22 
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3434-3399 cm
-1
 a band of O-H stretch vibrations was observed. Due to the presence 
of keratin, N-H stretch band can be observed at 3152-3188 cm
-1
. C-H stretch is 
observed at 2917-2925 cm
-1
. The peaks at 2244-2243 cm
-1
 can be assigned to the 
nitrile groups (C≡N stretch) which proves the existence of polymerized AN in both 
poly(acrylonitrile-co-ethylene glycol 600) and poly(acrylonitrile-co-ethylene glycol 
1500). The reason of the peaks at 1744-1731 cm
-1
 of C=O stretch of carbonyl bond is 
due to ester co-monomers used in the polymerization of AN monomer. Especially the 
1720 cm
-1
 peak reveals carbonyl bands (C=O). This oxidation was observed more 
with the copolymer containing PEG1500. An asymmetric band at 1642-1637 cm
-1
 
seems to be a combination of vibrations of C=C and C=N stretching and =N-H 
in-plane bending. It may come from keratin structure as well. The fact that the stretch 
band is 1642-1637 cm
-1
 is an indication of stretch band of carbonyl group in keratin’s 
α-helix structure. At 1605 cm-1 strong asymmetric and at 1445 cm-1 weaker 
symmetric carboxylate stretch bands and are seen. Theoretically in PAN a peak 
around 1600 cm
-1
 wavelength can be observed which represents the double bond 
(C=N) structure.  
Table 4.4: FTIR vibrations (cm
-1
)  of keratin-graft-(PAN-co-PEG 600) and keratin-
graft-(PAN-co-PEG 1500)  
Exp. 
Code 
O-H    
st 
N-H    
st 
C≡N     
st 
C=O   
st 
N-C=O  
st 
N-H    
st 
C-O    
st 
C-S     
st 
SP 5 3399 3195 2243 1720 1639 1575 1109 618 
SP 6 3432 3179 2243 1715 1638 1560 1107 619 
SP 7 3433 3125 2243 1710 1637 1550 1110 618 
SP 20 3434 3147 2244 1731 1642 1540 1135 620 
SP 21 3399 3145 2243 1743 1638 1536 1109 618 
SP 22 3364 3152 2243 1744 1637 1541 1107 619 
 
Due to resonance, the double bond characteristics of carbonyl diminished and 
stretching moved to a lower field. The band at 1540 cm
-1
 indicates that the 
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polymerisation reaction could have started on -NH. 1455-1454 cm
-1
 and 1354-1352 
cm
-1
 comes from CH2 and is a C-H bend. Herea the intensity is relatively low. At 
1135-938 cm
-1
 there is a stretch peak of C-O coming from PEG . Finally, 
620-618 cm
-1
 peaks are a result of S-H stretch. 
1
H NMR results for both types of colymers were close to each other. From these, 
1
H NMR results of keratin-graft-poly(acrylonitrile-co-ethylene glycol)’s are shown 
in Figure 4.4 and Figure 4.5.  
 
Figure 4.4: 
1
H-NMR for keratin-graft-poly(acrylonitrile-co-ethylene glycol 600) 
The signals at 0.84 and 1.25 ppm indicated various C-H protons of different amino 
acids in keratin. In the 
1
HNMR spectra of copolymers, the signal which appeared at 
1.80 ppm in the 
1
HNMR spectrum of keratin was not seen. This signal was 
previously attributed to –SH proton of keratin. As a result, it was thought that the 
polymerization could have started on –SH proton. Signal which showed peak at 2.15 
ppm showed the methylene protons (-CH2CCN) and the one at 3.13 ppm was the 
resonance of methine protons and the one of AN unit. Alpha protons of all amino 
acids were clearly visible between 4.14-4.60 ppm. The signal at 6.5-7.5 ppm showed 
aromatic hydrogenand the signals in the range of 8,0-8.3 ppm showed =N-H protons 
of proteins The peak at 8.25 ppm comes from amino acid. =N-H proton appeared at 
8.5 ppm. 
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Figure 4.5: 
1
H-NMR for keratin-graft-poly(acrylonitrile-co-ethylene glycol 1500) 
All these FTIR and 
1
H-NMR results suggest that a copolymerization occurred after 
polymerization reactions of keratin, acrylonitrile and PEG.  
4.3 Characterization of Keratin and Keratin-graft-poly(acrylonitrile-co-
ethylene glycol) 
4.3.1 DMA analysis 
Both keratin-graft-poly(acrylonitrile-co-ethylene glycol 600) and keratin-graft-
poly(acrylonitrile-co-ethylene glycol 1500) were dissolved in DMSO easily and there 
was no difficulty in in film formation step (Figure 4.6). However, cracks were 
observed after drying of films layers. This situation showed that the strength of the 
obtained copolymers were very low. The problem can be solved by increasing the 
amount of soft segment in the copolymer or adding crosslinkers. It appeared that 
further developments should be done in order to improve the strength. 
DMA analysis of keratin and keratin-graft-polyacrylonitrile copolymers could not be 
performed due to the difficulties encountered during film formation. Films prepared 
tended to curl and break while drying. This situation showed that the strength of the 
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obtained copolymers were very low and further experiments should be done in order 
to develop the strength. The problem can be solved by increasing the amount of soft 
segment in the copolymer or adding crosslinkers.  
 
Figure 4.6: Film formation trials with SP6, SP7, SP21 and SP22 
4.3.2 Thermal analysis 
In Kadak’s definition (2009) DSC is an analytical technique for detecting the 
changes in physical states of matter by measuring the energy necessary to establish a 
nearly zero temperature difference between a substance and an inert reference 
material, as the two specimens are subjected to identical temperature regimes in an 
environment heated or cooled at a controlled rate. Measurement was performed as 
first heating, cooling and second heating under N2 atmosphere. For keratin and 
keratin-graft-poly(acrylonitrile-co-ethylene glycol), the first heating was applied 
from 25
o
C to 200
o
C in order to get rid of moisture and some impurities of onto the 
samples. At 200
o
C, samples were cooled back to 25
o
C and then, heated up to 600
o
C 
again. The ramping rate was 10
o
C/min. Table 4.5 shows differential and 
thermogravimetric thermal analyses results for  keratin, PAN and keratin-graft-
polyacrylonitrile copolymers. 
According to DSC results there is an endhotermic peak at around 182°C which is in 
line with literature. First denaturation of keratin occured at 218°C  and second 
denaturation continues up to 471°C (Figure 4.7). Different endhotermic peaks come 
from different molecular-weight structures. All these data coincide with the findings 
of Zoccola et al (2009).  
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Figure 4.7 : DSC thermogram of keratin 
Table 4.5: Differential and thermogravimetric thermal analyses results for                                         
        keratin, PAN and keratin-graft-polyacrylonitrile copolymers
*
. 
 
Exp. 
Code 
Exothermic  
peak max.  
(°C) 
TD
max
 WR T20 T40 W400 
(
o
C) (%) (
o
C) (°C) (%) 
K 196 
332 
471 
 
278 
381 
76.9 
44.5 
205.6 308.6 50 
KPAN
**
 254       
319                 
241 
340 
426 
 
98.5 
85.1 
63.6 
345.2 485.2 65 
SP7 301 
343 
400-490 
237.1                    
345.1      
403.4 
 
88.1      
52.4 
335.6 375.1 46 
SP9 297   
342 
408-472      
260   
288               
76.4  
44.8 
 
285.6 362 48 
SP21 292 
338 
400-460 
 
238   
268    
 
81.7  
49.4 
300.6 373.8 49 
*
   TD
max
 Maximum weight loss temperature.             
     WR    Weight percentage of residue at maximum weight loss temperature. 
    W400 Weight percentage of residue at 400
o
C. 
    T20 , T40    Twenty and forty percentage weight loss temperature 
**
  Keratin-graft-polyacrylonitrile (KP10) by Kalaoğlu, 2010 
Keratin-graft-poly(acrylonitrile-co-ethylene glycol 600) polymer’s shown double 
denaturation points at about 297-325°C and 342-345°C and keratin-graft-
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poly(acrylonitrile-co-ethylene glycol 1500) polymer’s at about 292-297°C and 
338-342°C. (Figure 4.8 and Figure 4.9). Previous studies shown that KPAN gives 
double decomposition peaks, first a preliminary peak and then a major peak, at 
254°C and 319°C  (Table 4.5). There is a difference of 20-40°C between these values 
and results of this study. The change of the signals in copolymer showed the 
structural change of keratin in copolymer form. 
 
Figure 4.8 : DSC thermogram of SP7 polymer 
 
Figure 4.9 : DSC thermogram of SP20 polymer 
TGA is a measurement method based on weight changes in an material as function of 
temperature or time under a controlled atmosphere. It principally measure a matrial’s 
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thermal stability and composition. Keratin and keratin-graft-poly(acrylonitrile-co-
ethylene glycol 600) were heated up from 25
o
C to 700
o
C under N2 atmosphere with a 
heating rate 10
o
C/min. 
TGA thermograms of keratin, SP9 and SP21 are shown in Figure 4.10 and in 
Table 4.5,  the TGA results calculated from the derivatives of thermograms are 
given.  
 
Figure 4.10 : TGA thermograms of keratin, SP9 and SP21 
According to TGA results T20 and T40 values of all copolymers shown a decrease 
versus KPAN. With SP7, higher values were achieved which demonstrates that there 
is more -C-O-C- (PEG) in SP9 structure which reduces the thermal stability. PEG 
amount for SP21 was found to be between SP7 and SP9, which shown a more 
balanced structure in terms of PAN-PEG amounts compared to SP7. In terms of 
residual amount of polymer at 400°C SP9 copolymer was found to be the most stable 
sample with its 54% weight remained in comparison to 49% of SP21 and 46% of 
SP7.  
Chicken feather degrades through three main stages. First, the moisture absorbed 
during storage is released from the chicken fibers. A second transition occurs from 
265 to 350
o
C, and the chicken feather fiber undergoes degradation; and lastly from 
350
o
C onwards, the chicken feather fiber starts to decompose (Cheng et al., 2009). 
According TGA results keratin’s single denaturation occured in 278-381°C band and 
the degradation level at 400°C was 50%. First degradation of keratin-graft-
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poly(acrylonitrile-co-ethylene glycol 600) was in 260-288°C band and the last one 
was in 352-384°C band. Degradation level at 400°C was 46-48%. These figures for 
copolymer with keratin-graft-poly(acrylonitrile-co-ethylene glycol 1500) were 
238-268°C for the first and 347-383°C for the last degradation whereas the 
degradation level at 400°C was 49%.  
Thermal analysis results showed that increasing C-O-C amount decreased the 
decompostion- and the maximum-weight-loss-temperature and acrylonitrile-modified 
keratin became more thermally stable than pure keratin. 
4.4. Fiber Formation from Keratin-graft-poly(acrylonitrile-co-ethylene glycol) 
Copolymers 
By electrospinning method fibers were achieved from copolymers and formation of 
fibers was verified by SEM pictures.  
Figure 4.11 shows SEM image of fibers electrospun from keratin-graft-
poly(acrylonitrile-co-ethylene glycol 600), in 10000 times magnification. Fibers are 
flat and even along their length and mainly in paralllel to each other contributing to 
the mechanical strength. The average diameter of fiber is about 130-230 nm. 
 
Figure 4.11 : SEM image of fibers electrospun from keratin-graft-poly(acrylonitrile-
co-ethylene glycol 600) 10000 times magnification 
Figure 4.12 shows SEM image of fibers electrospun from keratin-graft-
poly(acrylonitrile-co-ethylene glycol 1500), in 30000 times magnification. Here 
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fibers have less parallel but more bundled and intermingled orientation compared to 
Figure 4.11. The fibers are dull and their average diameter is 80-125 nm. 
 
Figure 4.12 : SEM image of fibers electrospun from keratin-graft-poly(acrylonitrile-
co-ethylene glycol 1500) 30000 times magnification 
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5.  CONCLUSIONS AND RECOMMENDATIONS 
 Solubilisation of CF was performed by using NaOH and EDTA to achieve 
keratin. The highest yield among all trials was 59% at a process temperature 
of 40°C and duration of 1.5h. By means of FTIR and 
1
H-NMR it was verified 
that the obtained structure was actually keratin. In FTIR spectra, 
characteristic regions of amide A, amide B, amide I, amide II were clearly 
visible. 
1
H-NMR spectra were in line with the features of keratin as well. 
 AN was grafted together with PEG600 and PEG1500, respectively, onto the 
keratin using APS and SMBS as redox initiator pair. Process temperature was 
35°C and the duration 3h. The maximum yield with PEG600 was 82%, and 
with PEG1500 37%. 
 In FTIR spectra, C≡N peaks verified the polymerization of AN and C-O 
peaks the existence of PEG in the grafted copolymer structure. In
 1
H-NMR 
spectrum methine and methylene protons of AN as well as –CH groups of 
PEG were clearly visible.  
 DSC results shown that keratin-graft-poly(acrylonitrile-co-ethylene glycol) 
decomposes at 20-40°C higher temperatures compared to KPAN copolymer.  
 According to TGA results, increasing C-O-C amount decreased the 
decompostion- and the maximum-weight-loss-temperature and acrylonitrile-
modified keratin became more thermally stable than pure keratin.  
 SEM photgraphs confirmed that textile fibers were achieved after 
electrospinning with both types of copolymers, with PEG600 and PEG1500. 
Fibers were seen to have a uniform appearance without major irregularities. 
Surfaces of fibers smooth and shiny. Diameter range of fibers achieved from 
both types of polymers was 80-230 nm. 
 Film layers cracked for all samples after drying and film formation did not 
occur. For this reason DMA analysis was not conducted. It was thought that 
the mechanical strength of the polymers should be improved in next studies.  
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